Abstract The 6 MW/4.6 GHz lower hybrid current drive (LHCD) system will be set up on the experimental advanced superconducting tokamak (EAST) for achieving a steady-state operation. The high power and continuous wave (CW) mode microwave test bench operating at 250 kW/4.6 GHz has already been finished, which can be used to simulate different kinds of high power microwave environments to test microwave components and units for the new LHCD system. The power control and data acquisition system on the test bench composed of power control, high reflected power protection and data acquisition function is described here in detail. Longterm operation of the test bench showed that the power control and data acquisition system is very stable and reliable.
Introduction
As an effective approach to achieve a steady-state operation in a tokamak, lower hybrid current drive (LHCD) systems are being installed on experimental advanced superconducting tokamak (EAST) to study tokamak physics operation [1−5] . In order to test klystrons, circulators, water loads and other microwave equipment, an LHCD high power microwave test bench was built up to 250 kW at continuous wave (CW) mode where the power source was provided by a new type of klystron amplifier VKC7849A [6] . The test bench shown in Fig. 1 mainly contains such components as power control and data acquisition, high voltage power supply, PLC control, arc protection, quick and slow over-current protection and others, where the kernel part was the power control and data acquisition system. Fig.1 The overall hardware architecture of the LHCD high power microwave test bench
In this paper the structure and function of the power control and data acquisition system are presented in detail. Experimental results of high power CW operation are also described here.
2 System architecture 2.1 Overall structure Fig.2 The power control and data acquisition system
The power control and data acquisition system as shown in Fig. 2 included a microwave pre-amplifier sys- * supported by National Magnetic Confinement Fusion Science Program of China (No. 2010GB105001) tem, dual directional coupler, high power microwave monitor, data acquisition and high reflected power protection subsystems.
Microwave pre-amplifier system
The microwave pre-amplifier system included a low power source and power control box. The low power source was used to provide the microwave source for the klystron and included master oscillator, PIN switch, microwave amplifier, low power monitor and isolator. The microwave signal was generated by the master oscillator with a frequency stability of 1 ppm and an output power of 1.6 W. The maximum power could reach 834 mW mounted on the klystron.
The power control box was used to control the power of source through a resistance adjustor or PIN diode attenuator in the microwave amplifier and was composed of four modules including power, optoelectronic isolator, driver circuit and display circuit.
Dual directional coupler
There are only a few methods capable of measuring the power of the high power microwave, of which the water load is the most precise one. But it can't be used in EAST experiments, because it is inefficient in terms of real-time protection and the load is plasma rather than water in EAST experiments. On the other hand, the method of sampling incident and reflected microwave power through the directional coupler has minimal disturbance to the transmission line. Thus the dual directional coupler was selected to measure the power in our LHCD system in such a situation.
The dual directional couplers 1 and 2 labeled in Fig. 1 were used to measure the incident and reflected power at the output port of the klystron and near the water load, respectively. Their main parameters were a coupling coefficient of about 50 dB, a directivity of higher than 25 dB, and a bandwidth of 20 MHz [7] . The output power of the klystron would be absorbed by the water load at the end of the transmission line. Therefore, the accuracy of the data from couplers could be judged by comparing the data of the coupler with that of the water load.
Detector
To measure the incident and reflected power, two detectors were used in the dual directional coupler to convert microwave power into DC voltage signals. The detector could also shield the disturbance of microwaves with other frequencies existing in the EAST experiment. Moreover, the detector also possessed DC break function to protect the devices connected to the coupler. The relationship of voltage signals with microwave power for the detectors needs to be calibrated before experiments.
Software programs
The application software undertaking the tasks such as controlling power and data acquisition can be divided into two independent parts. One part is used to monitor the microwave power near the klystron. The other part named Test Station Controller is the main function module of the software and can fulfill multiple tasks including controlling power, data acquisition and high reflected power protection.
Microwave power monitor
The National Instruments Data Acquisition (DAQ) card installed in a PC was applied to monitor high power microwave, where the voltage amplifier outputs were connected to the card. A Windows-based development environment, National Instruments Lab-VIEW was developed for data display of high power microwave. According to the fitting relationship of power with voltage calibrated before experiments, the real-time incident and reflected power can be obtained immediately. The software also possesses a high-pass filter function, and is used for eliminating the inconvenience of real-time power adjusting caused by the output power fluctuations of the klystron.
Introduction of QNX RTOS
QNX is a real-time operation system (RTOS) that provides a real-time microkernel environment that delivers nearly the full, device-level performance of the underlying hardware. Its true microkernel design and its modular architecture enable customers to create highly optimized and reliable systems with low total cost of ownership. Under QNX Neutrino, every driver, protocol stack, file system and application run in the safety of memory-protected user space, outside the kernel. Virtually any component can fail− and be automatically restarted− without affecting other components or the kernel. No other commercial RTOS offers this degree of protection [8, 9] . The test station controller was designed using a powerful integrated development environment (IDE) in the QNX momentics professional edition development suite. The IDE is a comprehensive, Eclipse-based integrated development environment with innovative profiling tools for maximum insight into system behavior. These unique tools give developers at-a-glance views of real-time interactions, memory profiles, and more, enabling shorter debug times and faster time to market. Multi-core specific tools help developers migrate code cleanly from single-core to multi-core systems, and safely optimize performance.
The QNX operating system was chosen for its real time system performance, priority driven scheduling and preemptive scheduling. In particular, its powerful set of inter-process communication capabilities via messages, proxies and signals offered by the operating system would benefit us in developing the test station controller.
Test station controller
In addition to the high throughput of acquired data from ADC, the test station controller needs to handle jobs in quantity. Therefore an industry control computer equipped with QNX real-time operating system was used to perform its three functions as follows:
a. Microwave pre-amplifier system control Control PIN switch of microwave source and output power of microwave amplifier.
b. Data collection, display and storage Collect, display and save the data of output power of low power source, klystron amplifier, reflected power near water load, body current and cathode current of klystron with analog input resolution of 12-bit and sampling rate up to 1 MS/s.
c. High reflected power protection function Turn off the PIN switch of microwave source to protect the klystron and ceramic window once the reflected power output of water load goes beyond a given value.
The overall structure of the test station controller is shown in Fig. 3 and its main processes are listed as follows:
a. Master process The software is activated by the main process 'Base main' which runs at first with the highest priority and controls the execution of all other processes. On activation this process initializes the window and reads the parameters from the configuration file. Then some parameters can be reset at this time before the "start" button is pressed.
b. Data acquisition The function of data acquisition needs two processes to jointly fulfill: "Data acq" and "Data save". These two processes running with the same priority acquire and save the data from the seven channels of ADC. The "Data acq" runs first after the "Start" button is pressed. The "Data save" process is triggered by a global variable controlled by the "Data acq" process using a double buffer method [10] . c. High reflected power protection "Highref protect" process and "Data acq" process participate in fulfilling the function of high reflected power protection. The power data used to make the decision of turning off the PIN switch are obtained by "Data acq" process. Then the "Highref protect" process makes the judgment of high reflective state based on the parameters transferred from master process.
d. Data display The data display function involves three procedures. The first one is "RT display" process used to achieve real-time display of the acquired data by "Data acq" process every 10 ms. Another one is "Data read" process used to read and display the data in the disk by simple point-and-click operations. However, the data amount that "Data read" can handle is limited by the PC's memory, and a new process with a powerful data processing function is being developed.
Apart from the above listed main processes a number of stand-alone routines for controlling the microwave pre-amplifier system are also available in the software. These routines are operated from the buttons as and when required. In the EAST experiments, the measured microwave power must be accurate which is very important to tokamak physics operation and the safety of LHCD systems [11, 12] . The method with the dual-directional coupler was used for the measurement during the EAST experiment. The devices for power measurement include: dual-direction, detector, voltage amplifier, and isolator. In order to get accurate power data, a water load was installed in the test line for verifying the correctness of the coupler; only after that the coupler and the corresponding detecting devices can be used in the LHCD system for EAST experiments.
In the verifying experiment the water load was used to absorb the output power of the klystron and the temperature of the flowing water would rise after absorbing the microwave power. The temperature difference between the outlet and inlet water in equilibrium state would remain unchanged to a certain degree. Therefore the microwave power can be calculated according to the temperature difference and water flux. Two couplers were set near the water load for testing the consistency of the couplers. A long straight waveguide was used to connect these two couplers and eliminate their mutual interference. The test data listed in Table 1 show that the data obtained from the two couplers are nearly the same within acceptable error, which indicates that the method of the dual-directional coupler is reliable and can meet the needs of EAST experiments. 
High reflected power protection
The high reflected power protection is very important to make sure that the klystron, ceramic window and other devices are in safe states. In the test bench it also plays an important role in protecting the klystron and monitoring the condition of the overall system. The wave must be switched off completely by the PIN switch once high reflection occurs.
A microwave source was set at the input port of the detector to obtain reflected power as input power to simulate the condition of high reflected power. Generally speaking, the response time should be in the range of 160-280 s according to the theoretical analysis. In several test experiments, the response time in each high reflected power protection was a little different caused by the ADC, but all less than 280 s, which is well consistent with our theoretical prediction.
High power CW operation
The main purpose of the test bench is to test the performance of the CW 4.6 GHz/250 kW klystrons and then simulate traveling-wave and standing-wave states to test various kinds of microwave units.
The acceptance criterion of the klystron is 20 min in full power operation mode. A water load was set at the end of the test line to obtain a traveling-wave pattern in the klystron test experiments. Power data obtained by the designed test station controller are shown in Fig. 4 .
Additionally, the designed test bench should withstand the full klystron power of 250 kW in full reflection to test the performance of couplers, ceramic windows and circulators and so on. A short circuit load, instead of the water load, was set at the end of the test line to obtain a standing wave pattern. Besides this, a circulator was set after the klystron to absorb the power reflected from the short circuit load. So far, all microwave component samples for the next generation 4.6 GHz LHCD system have been tested successfully in the high power microwave test bench.
Fig.4 Typical data from klystron test experiment
The experimental test results show that the performance of the test bench is superior and can meet the needs of high power microwave tests, and its technologies can be applied to large scale LHCD systems.
Performance evaluation
The power control and data acquisition system of a high power microwave test bench has been used to test the klystron and other high power microwave components which would be used in the LHCD system of EAST tokamak under various standing waves and full power full reflection condition. The power control and data acquisition system has a good performance. The overall system has provided invaluable experiences for the new LHCD system.
